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Abstract
The electronic and magnetic properties of bulk and (1 1 1) surfaces for MP
(M=K ans Rb) in rocksalt structure have been investigated by employing
first-principle calculations. The results reveal that the compounds are half-
metallic ferromagnets at the equilibrium lattice constants with large half-
metallic band gaps of 0.46 and 0.74 eV. The (111) surfaces of KP and RbP
keep their bulk half-metallic property. We study the stabilities of the bulk
compounds and their (1 1 1) surfaces as well.
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1. Introduction
Efficient spin injection from a ferromagnetic metal to a diffusive semi-
conductor is very meaningful for the development of the performance of
spintronic devices [1, 2]. Half-metallic (HM) ferromagnets [3] are treated
as very promising candidates of spin-injector materials for their nearly com-
plete (100%) spin polarization around the Fermi level. The HM ferromagnet
exhibits a metal character in one spin channel and a semiconductor (or in-
sulator character in the other spin channel, which results in the 100% spin
polarization around the Fermi level. In 1983, de Groot first reported HM
behavior in Heusler alloy NiMnSb by using first-principle calculations [4].
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Since then many HM ferromagnets have been predicted theoretically or syn-
thesized experimentally in some kinds of compounds. The full Heusler alloys
such as Co2MnAl [5], half-Heusler alloys such as PtXBi (X=Mn, Fe, Co and
Ni) [6], quaternary alloys such as CoFeScZ (Z=P, As and Sb) [7], metallic
oxides such as Cr2O [8] and Fe3O4 [9], double perovskite compounds such as
Pb2FeMoO6 [10], CsCl structure compounds such as CsSe [11], zinc-blende
(ZB) structure compounds such as RbX (X = Sb, Te) [12], and compounds in
rocksalt (RS) structure such as BaC [13] are some of the materials that have
been found to be HM ferromagnets by first-principle calculations or some
kinds of experiments.
Among the above mentioned HM ferromagnets, contrary to the com-
pounds consist of transition metals, the p-electron HM ones have attract
much attentions [14] for their large HM band gaps guaranteeing the sta-
bility of HM property at room temperature. The magnetic moment of the
p-electron HM ferromagnet is mainly contributed by the p electrons of the
main group elements such as C, N, S and so on, and this is significantly
different from the ones with transition metals. The p-electron HM ferromag-
nets have been widely studied. For example MN (M=Ca, Mg, Na, K) [], MS
(M=K, Rb, Cs) [15, 16], and NaX (X=O, S, Se, Te, Po) [17] have been found
to be half-metallicity.
In addition, it is necessary to study the properties of surfaces as the
retaining of HM character for surface is very meaningful to the practical ap-
plications. Recent research has shown the half-metallicity of CsCl structure
structure RbS and KS is preserved at their (1 1 1) surfaces [15]. As reported
in recent paper [13], the (0 0 1) and (1 1 1) surfaces of RS BaC also retain
their bulk HM property. While in the case of ZB CrP, the HM property
disappers in the P-terminated (0 0 1) surface and is preserved in the Cr-
terminated (0 0 1) surface [18, 19]. So not every surface keeps its bulk HM
property. Thus it is very important to investigate the surface properties for
the application of HM ferromagnets.
Motivated by the above, we present a first-principle study on the prop-
erties of bulk MP (M=K and Rb) in RS structure as well as their (1 1 1)
surfaces. It is found that all the bulk compounds are HM ferromagnets at
the equilibrium lattice constants. And our calculation results of bulk KP is
compared to that have been discussed in Ref [14]. We also investigate the K-
and P-terminated (1 1 1) surfaces of KP and Rb- and P-terminated (1 1 1)
surfaces of RbP. The results reveal that the bulk half-metallicity are retained
in those surfaces. Finally the stabilities of the bulk compounds and those
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surfaces are studied.
2. Methods and details
The present calculations are performed by using the first-principle full-
potential local-orbital (FPLO) minimum-basis method [20, 21]. The general-
ized gradient approximation (GGA) is used to treat the exchange-correlation
potential [22, 23, 24]. The scalar relativistic effects are taken into accounts
for all calculations. For the Brillouin zone integration, we use the k meshes
of 15×15×15 for bulk RS compounds, and the k meshes of 15×15×1 are
adopted for RbP and KP (1 1 1) surfaces. For a self-consistent field itera-
tion, the convergence criterion is set to both the density (10−6 in code specific
units) and the total energy (10−8 hartree). The atomic force convergence cri-
terion is set to 10−3 eV/A˚.
3. Results and Discussions
3.1. The Properties of Bulk MP (M=K, Rb and Cs) in Rocksalt Structrue
Firstly we calculate the total energy as a function of lattice constants in
RS structure for both spin-polarization (FM phase) and non-spin-polarization
(NM phase). In Fig.1, we present the curves of total energy versus lattice
constant for bulk MP ((M=K and Rb). All the calculations are performed in
both FM and NM phases. The calculated results indicate that the FM states
are more stable than NM states for the three compounds. The equilibrium
lattice constants for KP, RbP and CsP are 6.736 A˚and 7.066 A˚, respectively.
The obtained lattice constant for KP is in good agreement with the one in
Ref. [14]. Therefore the following calculations are performed based on the
theoretical equilibrium lattice parameters in RS FM states.
The calculated total density of states (DOS) and partial DOS for MP
(M=K and Rb) are shown in Fig.2. As can be seen from the total DOS in
Fig.2, the spin-down DOS get through the Fermi level, and it is a metal be-
haviour. However, there is a large band gap around the Fermi level for each
compound in the spin-up band structure, which is an insulator behaviour.
So these compounds keep an ideal 100% spin-polarization of conduction elec-
trons at the Fermi level. And they are HM ferromagnets. From the partial
DOS, it shows that the DOS located at the Fermi level are originated exclu-
sively from the 3p orbitals of P. The HM band gaps is defined as the minimum
gap between the edge of valence band and Fermi level. So the compounds
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KP and RbP have HM band gaps of 0.46 eV and 0.74 eV, respectively. The
HM band gaps are so large that these compounds may probably keep their
HM property at room temperature.
The total magnetic moment is -2.00 µB for each of the three compounds,
while the number of valence electrons is 6. So the calculated total magnetic
moment per formula unit, 2.00 µB , for each of the compounds, obeys the
Slater-Pauling behaviour which can be expressed by
Mtot = (Ztot − 8)µB, (1)
where Mtot and Ztot are the total magnetic moment per formula unit and
the number of total valence electrons in each compound. To understand
the Slater-Pauling behaviour of these compounds, we should investigate the
energy levels for the minority-spin orbitals of them. As can be seen from
Fig.2, the spin-up band is the minority-spin state around the Fermi level.
So the following discussion is mainly focus on the spin-up band structure.
In Fig.3, we present the the fat-bands for bulk KP in RS structure as a
representative. The thickness of the fat-bands is proportional to the sum of
square of coefficients for these basis states in the expansion of the Kohn-Sham
wavefunction into the FPLO orbital basis. The zero energy is responding to
the Fermi level. As can be seen from the P-3p and K-3d partial DOS in
Fig.2, around the Fermi level the P-3p states have very big wavefunction
amplitudes, but the K-3d states almost have no wavefunction amplitudes.
From Fig.3, we can see that the P-3s and P-3p (3p-1, 3p+0, 3p+1) states are
below the Fermi level. The K-3d (3d-2, 3d-1, 3d+1) state is above the Fermi
level. There are no obvious hybridizations between K-3d and P-3p states. It
is clear that the energy band gap is created by the maximum of P-3p valence
bands and minimum of P-3s valence bands.
We present one possible schematic representation of the energy levels of
the minority-spin band structure for these compounds in Fig.4. As can be
seen from Fig.4, there is no orbital hybridization in these compounds. Below
the Fermi level, the nondegeneration 3s and triple-degeneration 3p (3p-1,
3p+0, 3p+1) states are the minority-spin orbitals. So below the Fermi level,
the number of minority-spin: Nmin = 4 One can directly deduce the number
of occupied majority-spin states: Nmaj = Ztot−Nmin. As the total magnetic
moment Mtot (in µB ) is just the difference between the number of occupied
majority-spin states and occupied minority-spin states. So the the total
magnetic moment: Mtot = (Nmaj − Nmin)µB = [(Ztot − Nmin) − Nmin]µB =
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(Ztot − 2Nmin)µB = (Ztot − 8)µB. Therefore the compounds MP (M=K, Rb
and Cs) obey the Slater-Pauling behaviour expressed by Eq.1.
3.2. The properties to (1 1 1) Surfaces of KP and RbP
To simulate the (1 1 1) surfaces of KP and RbP, the bulk equilibrium
lattice constants of 6.736 A˚ and 7.066 A˚ are used. We adopt a slab model
containing 15 atomic layers. In order to avoid the interactions of neighboring
slabs, a 15 A˚ vacuum is added above the surfaces. Each layer includes only
one kind of atom, thus there are only two types of terminations, that are
named as K (Rb)-terminated and P-terminated surfaces for KP (RbP). To
obtain the equilibrium structure of those slabs, we firstly fix the central layer
of the slabs and relax the others and then optimize the slabs by the total
energy and atomic force calculations. After optimization, we realize that the
significant change only occurs in the top three layers. And previous study
also indicate that the slabs of fifteen layers is adequate to study the properties
of the surface in some RS materials [13, 25]. For both the K/P-terminated
of KP and the Rb/P-terminated of RbP, the surface atomic layers move
toward the center of the slabs, and the second atomic layers move toward
the vacuum. However, the positions of third layer atoms change much less
than the surfaces and the second layers, revealing that our model is sufficient
for the calculations. Fig.5 and Fig.6 show the calculated surface, subsurface,
centre and atomic DOS as well as the total DOS for the relaxed slabs of
KP and RbP, respectively. As can be seen from Fig.5 and Fig.6, the canter
layer DOS fit quite well with the responding atoms in the bulk compounds. It
demonstrates that the physical properties of of bulk compounds are preserved
at the centre layers, revealing the models of our slabs is sufficient to study
the surface properties. As can be seen from Fig.5 (Fig.6), the HM property
of bulk KP (RbP) is retained by the P- and K-(Rb-) terminated (1 1 1)
surfaces as there is a large band gap around the Fermi level in the spin-
up band structure while the spin-down DOS get through the Fermi level.
The corresponding subsurfaces also keep the bulk HM character. We can
directly get that the K(Rb)-terminated (1 1 1) surface shrinks the spin-
up band gap of bulk KP (RbP). However the P-terminated surface almost
keeps the spin-up band gap of bulk KP (RbP). The two phenomenon is very
interesting. We guess that the spin-splitting of K (Rb) atomic layer at the
K(Rb)-terminated surface becomes stronger. However, the spin-splitting of
P atom is such strong in bulk KP (RbP) that the spin-splitting of P atom
at the P-terminated (1 1 1) surface can’t change too much.
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Table 1 shows the calculated magnetic moments of K and P atoms of
KP, Rb and P atoms of RbP, in surfaces and central layers of slabs and also
in the bulk for comparisons. In all cases, the atomic magnetic moments of
the centre layers fit well with those of the bulk. It means that the chosen
thickness of the slabs is reasonable. This conclusion is consistent with the
previous discussion. However, the change of atomic magnetic moment is large
for P-terminated (1 1 1) surfaces of both KP and RbP, because the surface
atoms lose four of their eight neighbors and K-P, Rb-P bond lengths in these
surfaces are changed with respect to those of bulk.
3.3. Stabilities of Bulk Compounds and KP and RbP Surfaces
In this section, we will discuss the stabilities of bulk and surfaces for MP
(M=K and Rb).
The cohesion energy (Ecoh ) is a measure of the strength of force that
binds atoms together in the solid state which is correlated with the structural
stability in the ground state. The cohesion energy of each alloy per formula
unit is expressed
Ecoh = E
M
atom + E
P
atom − E
MP
total, (2)
where Etot is the total energy of the considered compound, E
M
atom and
EPatom are the the energies of isolated constituent atoms in each compound.
The calculated values of cohesion energy are 3.20 eV and 3.05 eV for KP and
RbP. The positive cohesion energies indicate the compounds are expected to
be stable due to the positive energies of chemical bonds.
The second aspect of stability for a compound is displayed by the for-
mation energy (∆HMPfor ), which shows the stability of the compound with
respect to decomposition into bulk constituents. The formation energy at
T=0 K is obtained by considering the reaction to form (or decompose) a
crystal from (or into) its components. For each calculated compound, the
formation energy of compound can be expressed by
∆HMPfor = E
MP
total − (EM + EP ), (3)
where EM and EP are the total energies per atom for bulk M (M=K and
Rb) and P, respectively. The calculated values of formation energy are -0.23
eV and -0.14 eV for KP and RbP. In general, a negative value of formation
energy indicates the stability of material. All the compounds are likely to be
synthesized experimentally due to the negative formation energy.
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We have also considered the structure stability of the two compounds
by comparing tetragonal and cubic structures. Fig.7 presents the relation-
ship curves between total energy and c/a ratio. In our calculations, the cell
volumes are fixed at the equilibrium lattice volumes. As can be seen from
Fig.7, when c/a=1, both KP and RbP are at the local energy points. So
the RS cubic structure is energetically lower than the tetragnoal one. So the
compounds KP and RbP in RS structure are stable at a certain extent.
In the following, we study the stability of the (1 1 1) surfaces for KP and
RbP. The investigation of surface stability is meaningful for the relation of
thin films in experiments. The surface energy (σMP ) is determined as follows:
σMP =
1
A
(Etot − µ
slab
M NM − µ
slab
P NP − TS − PV ), (4)
where T, S, P and V are temperature, entropy, pressure, and volume, of
which the values are nearly to zero. And they can be ignored. The symbol A
is the area of the surface and Etot is the energy of relaxed MP slab. NM and
NP are the number of the of the Rb and P atoms in the MP slab, respectively.
µslabM and µ
slab
M are the chemical potentials of the M and P atoms in the slab.
The total potentials of M and P atoms in the slab are in equilibrium with
that of bulk MP:
µbulkMP = µ
slab
M + µ
slab
P . (5)
Combining Eq.(4) and (5), one can rewrite (4) as follows:
σMP =
1
A
[Etot − µ
slab
M NM − (µ
slab
M − µ
bulk
MP )NP )], (6)
The range of chemical potential µslabM is limited by
µbulkM +∆H
MP
for ≤ µ
slab
M ≤ µ
bulk
M (7)
µslabM ≤ µ
bulk
M , µ
slab
P ≤ µ
bulk
P (8)
Here ∆HMPfor has the same meaning as previous. So,
µbulkM +∆H
MP
for = µ
bulk
MP − µ
bulk
P , (9)
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then
µbulkM +∆H
MP
for = µ
slab
M , (10)
∆HMPfor = µ
bulk
MP − µ
bulk
M − µ
bulk
P , (11)
Combining Eq.(5and Eq.(8), we can obtain:
∆HMPfor < µ
slab
P − µ
bulk
P < 0. (12)
The above expression determines the allowed range of P chemical po-
tential. The formation energy is negative for each compound as has been
obtained. Generally, a negative formation energy means that the thin films
can be synthesized by experiments in equilibrium conditions. So both the KP
and RbP thin films are stable in equilibrium conditions, and can be realized
by equilibrium growth techniques. The results of surface energy calculations
for KP and RbP (1 1 1) surfaces are shown in Fig.8. The surface energies
of all the calculated (1 1 1) slabs have a linear relationship with P chemical
potential. As can be seen from Fig.8, the P-terminated surfaces have positive
surface energies in the range of -0.23 to 0 eV and -0.14 to 0 eV for KP and
RbP, respectively. However, the surface energies of K- and Rb- terminated
are negative in the same ranges. So the K-terminated (1 1 1) surface of
KP and Rb-terminated (1 1 1) surface of RbP are much more stable than
their P-terminated (1 1 1) surfaces, and may probably be synthesized by
experiments.
4. Conclusions
In conclusion, we have studied the electronic and magnetic properties
of bulk and (1 1 1) surfaces for rocksalt structure MP (M=K and Rb) by
first-principle calculations. It is predicted both the bulk compounds are HM
ferromagnets with large HM band gaps. The Slater-Pauling behaviour of
the bulk compounds is investigated in detail as well. The calculations of
M (M=K and Rb)-and P-terminated (1 1 1) surfaces reveal that those sur-
faces keep their bulk HM character. The magnetic moments of atoms at
slabs are compared with those in the responding bulk compound. In addi-
tion, the stabilities of the bulk compounds and surfaces are also investigated.
Our calculations indicate that the bulk compounds KP and RbP in rocksalt
structure are more stable than those in the tetragonal structure. The surface
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energy calculations show that the K-and Rb-terminated (1 1 1) surfaces are
more stable than their P-terminated surfaces. The bulk compounds KP and
RbP and their K-and Rb-terminated surfaces may probably be synthesized
by experiments for their negative energies. We hope that our work will stim-
ulate experimental efforts to the fabrication of rocksalt structure KP and
RbP thin films.
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Table 1: The magnetic moments of Rb and S atoms, K and S atoms in different positions
of the (111) slabs and in the bulk of RbS, KS.
MP
Atomic
species
position of
the atom
M-(111)
terminated
P-(111)
terminated
KP
K
K
K
P
P
P
Surface
Centre layer
Bulk
Surface
Centre layer
Bulk
-0.051
-
-0.065
-
2.054
2.065
-
-0.052
-0.065
2.556
-
2.065
RbP
Rb
Rb
Rb
P
P
P
Surface
Centre layer
Bulk
Surface
Centre layer
Bulk
-0.065
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